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A luw-turbulence
nemicallysmoothlT&A

wind-tunnelinvestigationwasmadeofanaerody-
65{0;~,-114tifoilhavingfairedmrfac,esback

\GA>)

to37percentchordtodeterminethemagnitudeoftheboundary-l~er
Reynoldsnmiberatvariouspositimsoftransition&cm lamlnarto
turbulentflowalongbothairfoilsurfaces.Ina@diWm toboundary-
l~ermeasurements,valuesofthesectiondr~ coefficientwereobtained
bymeansofthewake—surveymethod.

Theboundary-layerReynoldsnumber Rbcr”
()

Wasfounatovaryin

-We frm approximte~67OOto8000atpositionsoftrar&ition
rangingfrom50percentchcmdto25percentchord;th valuesof’ R5cr
werebasedontheboundary-layerthickness8, whichisdefinedas
thedistancefromtheairfoilsurfacetoa pointwithinthelmmdary
layerwherethevelocityisequalto0.707ofthemlocityattheouter
edgeoftheboundarylayer.Theresultsindiqated,however,thatfcma
smoothandfairedlow4ra#me airfoiloperatinginthelow=dra.grange
inanairstreamoflow
maybeestimated.within
oftheactualvaluesby

t–mb-fience,trens~tionp=intsanddragc>ef?i;ients
apprmimately7 percentchordand0.0003,respectively,
assuminga ccmstantvalueof R~cr of8000.

Intheabsenceofdirecttestdata,itissometimesdesirablet6be
abletoestimatethepositionsoftransitionfromlamlnartoturbulent
flowinordertocalculatetheprofile-drqcoefficientsofairfoil
sections.Transitionhasbem estimatedtooccurinthefavorable
pressuregradientcmsmoothlow+lmg-~eairfoilsunderconditionsof
lowturbulenceatvaluesofboundery-layerReynoldsmpiberR8cr

between7500and9000.Thesevaluesof %Cr correspondtotherangeof

valuesof R
L

measuredina seriesofflighttestsofreference1.
Inasmuchas ereappearstobeonlya limitedamountofdataonthe
boundary-layerReynoldsmmiberatwhichtransitionoccum,$hepresent

/
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2 l?JACA~ NO. 1704

investigationwasmadetoobtainadditionalWormationonthevalues -
of Racr atvariouspositionsoftransitionalongairfoilsurfaces.

TheinvestigationwasmadeofanI?ACA65(a5~-114airfoilinthe
Langley~sional low-tlurbulencepressuretunnel.Boundary-layer
surveysweremadeatseveralstationsontheupperandlowersurfaces

“oftheairfoilmodelthrougha rangeoffree-streamReynoldsnuniberup

“toapproximately58.0x 106.Inaddition,profile-dragcoefficientswere
measuredbymeensofthewake+mrveymethodthropgha rangeoff&ee-
streamReynoldsnuniberupto40.0X 106.
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SYMBOLS

c

Cz

cd

P.

U.

%

Ho

P

h

u

u

hl

s

x

airfoil

section

section

chord

liftcoefficient

dregcoefficient

free-streamdensity

free-streemvelocity

free++reemdynamicpressure

fre+etreamtotalpressure

(&oU:)

staticpressureonairfoilsurface

totalpressureinsideboundarylayer

localvelocityinsideboundarylayer
(r)

2(h– p)
P.

10CLUvelocityatouteredgeofboundaryleyer

totalpressuremeasuredbytubeincontactwithsurface

pressure

distence
( .)W-Pcoefficient—

%

alongairfoilchordfrom
.

leadingedge

.

.

-—— .—.— -—. — ..— ——-.. —. — -—. . . ...—. _. ___ _
.“:



NACATNNo.1704 3

.

c

.

B

Y

Jrt

v

8

R8

R.

R.#

dietence

distance

distance

alongairfoil

perpendicular

perpendicular

surfacefromleading
toairfoilsurface

toairfoilchord

edge

coefficientofkinematicviscosity

boundary-l&erthickness,distancefromairfoilsurfacetopoint
withinboundary~er wherevelocityisequalto0.707velocity
atouteredgeofboundary-layer

boundary-layerReynoldsnumiberbasedoneffectiveboundary-layer
thiclmess(U5fi)

free+treamReynoldsnuniber

fre-eam Re~oldsnuniber
fortunnel-weJ.leffects)

basedonairfoilchord(Uoc/IJ)

basedonairfoilchord(uncorrected

Eiibscript:

cr valueatwhichtransitionoccurs

.

M- ANDAPPARATUS

Photographsofthemodel,whichwasbuilttotheordinatesofthe
N~A 65(=5)-JJ-4~rfoil(*blqI),areshowninfigure1. A detailed
descriptionoftheconstructionofthemodel,whichhasan8>inchchord
end36-inchspan,isgiveninreference2. Themodelwasglazedtoa
fairedcontourbackto37per&ntchord,atwhichstationa spari.ntioduced
wavinessonbothsurfaces.Anindicationofthemagnitudeofthesewaves
ispresentedinrefermce2. Bothairfoilsurfacesweresandedto
aerodynamicsmoothness.

TestsweremadeintheIamgleytwo-d~nsi- low=turbulencepressure
tunnelwiththemodelmuuntedsothatitcmpletelyspannedthe>foot
testsection.Theturbulencelevelofthetunnelisonlya fewhudbedth
of1 percent.A detaileddescriptionoftheLangleytwo-dimensionallow-
turbu.lencepressuretunnelis~esentedinreference3. A multituhepressure
“mouse”,describedtireference4,wasusedinobtainingtheboundary-~er
surveysendthe~esmzredistributionsovertheairfoil.Theheightsof
thetotal-pressuretubesabovetheatifoilsurfaceweremeasuredwitha
ticmmetermicroscope.

.
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Dragmsaeurementsweremadebythewake-survey
toties-airconditionsasdescribedinreference3.

methodandreduced
T& boundery-layer

velocitydistributionswereobtainedbymeasur~-thestaticpre&ur6
outsidetheboundarylayerandthetotalpressureatseveralpositions
withhthsboundarylayerwiththemultitubemouse.Theairfoilpressure
distributionwasobtainedfromthereadingsofthestatic-pressuretube
onthemouse.Ateachstation,thestatic+pressuretubewasbentapproxi-
matelytotheairfoilcontouratabo’at1/4inchfromtheairfoilsurfaoe,
Onetotal=preseurelaibewasbentsothatitremainedontheairfoil
surfaceregardlessoftheairloadsimposedonthemouse.

Themethodusedindeterminingthefree-streamReynoldsnuniberat
whichtransitionoccursata givenstationiss~lar tothatussdin

m
.

reference4. Apemmeter
~=

wasusedwhichremainedsubstantially

constantwhiletheflowintheboundarylayerwaslaminarandwhich
increasedinvalueastheflowbecameturbulent.TMs parameterwas
plotted.againsttheuncorrectedfree-streamRe~oldsnuniberRot, and
transitionwastakenasthepointcorrespondingtothekneeofthecurve.
~ thosecaseswherethekneeofthecurvewasnotsharplydefined,the
shapesoftheboundary-layervelocityprofilesthrougha smallrangeof
Reynoldsnuniberatthekneewereusedadanaidindeterminingthevalue
oftheReynoldsnuniberfortransition.

Dregdatawereobtaine~ata sectionliftcoefficientof0.14fora
rengeoffree-streamReynoldsnuniberupto40.0X 106.Boundary-layer
andtransitionmeasurements,whichweremadeatthes&e sectionlift
coefficientandatthecenterltieofthemodel,wereobtainedfora
rangeofReynoldsnuuiberuptoapproximately58.0x 106.Byvaryingthe
tunnelstagnationpressurefrom14.7poundsto135poundspersquareinch
absolute,itwaspossibletomaintadnthetunnelMachnuniberbelow0.2
forthecompleterangeofReynoldsnuniberinvestigated.“

RESULTSANDDISCUSSION

Bourdary-layervelocityprofiles.–A fewrepresentativedistribu-
tionsofvelocitythroughtheboundarylayerarepresentedinfigure2
fortwostationsontheupperairfoilsurface.Thechangeinvslocitg
profilefromthelaminartotheturbulenttypewithincreasingReymolds
nuuibercanbe seen.Althoughthechordwisepositionofminimumpressure
onbothairfoilsurfacesoccursatapproximately46percentchord -
(fig.3),laminarflowwasobtainedatleastasfarbackas50percent
chordatthslowervaluesoftheReynoldsnunher.

I
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Trau9ition.- Thev=iaticmsofthetransitionparameter-
%7

withuncorrectedfree-streamReynoldsnuniberR.* arepresatedh
figure~. TheReynoldsnumber,atwhichtransitionisconsideredtooccur
foreachstationatwhichmeasurementsweremadeistidicatedbyanarrow.
Theforwardmovementoftransitionwithincreasingvaluesofthe “
uncorrectedReynoldsnuniberisshownforbothairfoilsurfacesinfigure5.
Byuseofthesepositiausoftransition,thecorrespondinguncorrected
Re~old.snunibers,andthemeasuredvariaticmsofvelocityovertheairfoil
(fig.3),valuesoftheboundary-layerReynoldsnuniberfortiausition

(
criticalbound.ary-~erReynoldsnu?iberR5cr

)
werecalculatedbymeans “

ofthefolluwingequationobtainedfromreferance5:

R5 2
& = (2.3)2
o &):”l~’c&-J”’7.:

o

(1)

Themeasuredvaluesofboundary-layerthicknesswerenotusedfor
determinationof”Rbcr inasmuchasthemeasuredboundary-layervelocity

profilesatlargevaluesoftheReynoldsnuniberwereconsideredtobe
toounreliablebecauseofdeflectionsofthe
valuesofair+treamdynamicpressure.

Figure6,whichpresautsthevaluesof

positionoftransition,indicatesthatR5cr

to7250atpositionsoftransitionalongthe

total~eadtubesathigh

%Cr plottedagainstthe

variesfromapproximately

a2rfoilchordranging

8000 ,

from25percentchordto37percentchord.Thevalueof Rbcr decreased

h magnitudeatpositionsoftransitionbe~d 37percentchord,reaching
a minimumofapproximately6700at50percentchord.Thisdecreasefi .
thevalueof R~cr ~ havebeenpartiallycausedbythesurface
wavinessatthesparlocatedat37percezrtchord.

VaJuesof R~cr from7400to9200wereobtainedm theuppersurface

ofanNACA35+!15airfoilinflight(referace1]. Inreference1,however,
itIsstatedthatindividualvaluesmeasuredduringthatinvestigationmay

, notbeentirelyreliablebutthattheresultsaresufficientlyconsistent
toindicateattainnentofvaluesof Rb ofapprcmimately8000.Although
thepressuredistributionoftheNACA3=15 airfoilismorefavwa%le

. thanthepressuredistributionofthelWCA65(=5)-H4afioil,aPWo~-
matelythesamevalues
Disturbinginfluences,

. . . .. ..— .—-—
. .

---
of R~crweremmsuredforthetwomciiels.
suchassurfaceroughness,~tream turbulence,

. . ——.- -—. —-.7- — .—— --...— ——— —---- ---—--
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andpossiblyvibration,however,arelmcwntohavelargeeffectsonthe
positionoftransitionandthecorrespmdingvaluesof Rbm,whereas

. themodelstiestigatedhadsurfacesofaerodynamicsmoothness- were
testedinairstreemsoflowturbulence.

E$fectofconstantR~cr cmceptontamnsiticmenddrag.- Thevalue.
ofboundary-layerReynoldsnuniberfortraqitionhasbeenshuwninfigure6
tovaryinmagnit@eforpositionsoftransitionrangingfrom50percent
chordto25percentchordonbothairfoilsurfaces.Inordertodetermine
theaccuracywithwhichthepositiausoftransitionendcorrespmdingdrag
coefficientcanbeapproximateilhymeansofaesumhga constantvalue
of Rba ._incon@nctinnwiththethemeticalairfoilpressuredistribution,
transitionpointswerecalculatedbyuseofequation(1)enddragcoeffi-
cientsbyuseofthemethtiofreference6withthetheoretical~essure
&istributionatthetestliftcoefficientof0.14andcopstantvalues
of Rbm of7500ana8000.

ThevariationsoftheesthateatransitionpointswithReynoldsnumber
=e ~esentedinfigure7. Inordertoprovidea basisofcomparisonfor
thepositionsoftransitioncalculated.byuseofa constantvalueof Ram
endthetheoreticalpressuredistiilution,thevariationoftheactual
positionsoftransitionwithReynol&snuniberunderfree-airconditionsis
presentea.Thesecurveswereobta~abymeansofequation(1)after
correctingthemeasureaairfoil~eseure&istributionfortheeffectsof
thetunnelwalls(seefig.3 andreference7)andbyassumingthatatany
givenstatiunalongtheairfoilsurfacesthecritioalboundary-layer
ReynoldsnmiberwoulabethesameinfreeairasthatIneasure&inthewind
lxmnel.Figure7 indicatesthatuseofa constantvalueof Rbcr of7500
or8000andthetheoreticalpressuredistributionresultsinestimatesof
thetransitionpointthatmeybeinerrorbynomorethan7 percentchoril
at Re~ldS -ers rangingfr~ 26.0x 106to49.0X 106.Thelargest
discrepancyof7 percentchordwasnotesfortheuppersurfaceata
Remoldsnuuberof 26.0x 106 wheretransitionoccurreaat41percent
Chcma. AtthoseReynol&snunibersatwhichtransitionoccurretibehind
37p~centch~, the-ace wavinessatthemodelsparpossi%lycausea
transitiontooccurslightlyforwardofthenormalpositionfora completely
fairedairfoil.

Sectiondragcoefficients,-calculated.bytheuseoftheestimated
positionsoftrenaitionandthetheoreticalpressuredistributionin
accordancewiththemethcdofreference6,arecomparedinfigure8with
sectiondragcoefficients~a,sureabymeansofthewake—surveymethaland
reducedtofree-airconditionsasdescribedinreference3. Valuesof
section-dragcoefficientcalculatedbyuseofa constantRbcr of8000
andthetheoreticalpressuredistaxtbutionarewithin0.0003ofthedrag
coefficientsobtaineabythewake-surveymethoiluptoa Re~oliisntier
of 40.0X l&. Althoughwake—eurveymeasurementswerenotmadeat

.
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.

largervaluesoftheReynoldsnumber,comparisonoftheestimatedti~
sitionpointswithmeasuredtransitionpointspresentedinfigure7
indicates-thattheuseofa constautRbw d?8000tillresultin
calculateddragcoefficientswithin0.0003oftheactualvaluesat
Reynoldsnumbersaslargeasatleast55.0X 106.

Cmcmmm IIEMAms

A lcn+turbulencewind-tunnelinvestigationwasmadeofanaerody-
namicallysmoothNA!2A65(215)–H4airfoilhavingfairedsurfacesback
to37percentchcmd.Vhluesofboundsry-layerReynoldsmutibersat
whichtransitionwasobserved(%) variedfrom67ooto8000at
positionsoftransitimrangingf%: 50percentchordto25..percentchord.
Theresultsindicatedthatfora smoothandfairedltia@ype airfoil
operatinginthelow-dragrangeinenairstreamoflowturbulence,the
useofa fixedvalueof R~cr of8000~e~s est~tesofthetr~iti~
pointsanddragcoefficientwithinapproximately7 percentchordand0.0003,
respectively,oftheactualvaluesatReynoldsnunbersbetweenthemaximum
,valueatwhichtransitionoccursatthepointofminimumpressureuptoa
valueofatleast55.0X ld.

LangleyAeronauticalJ&boratcmy
NationalAdviscmyCommitteeforAeronautics

IangleyField,Va.,JW.Y8,1948
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(b) Lower muface.

Figure 1.- Concluded.
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Figure 2.- Emndary-layer surveys obtained on upper surface of NACA 65(215) -114 airfoL
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Ram Presswedistribution
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Figure7.-VariationofpositionoftransitionwithReynoldsnumberforsevend
criticalvaluesofbouudary-layer~~oldsn~berOnNACA65(215]’114
airfoil.Cz=0.14.
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